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Wnt-1 encodes a secreted signaling molecule which is required for development of the midbrain and anterior hindbrain in
the mouse. Wnt-1 expression is initiated early in the development of the central nervous system in a region predicted to
give rise to the midbrain. Later in development Wnt-1 expression is restricted to regions of the forebrain, midbrain, and
spinal cord. Previous studies identi®ed a 5.5-kb enhancer in the Wnt-1 locus which is suf®cient to activate transcription
of a reporter gene in a pattern very similar to that of the endogenous Wnt-1 gene. Here we have assessed if this enhancer
is an important component of the endogenous regulatory sequences of Wnt-1 by gene targeting and by testing if it is able
to express Wnt-1 in a pattern which is suf®cient to rescue the phenotype of loss of Wnt-1. Our results show that the 5.5-
kb enhancer is both necessary and suf®cient for Wnt-1 expression in vivo. q 1997 Academic Press
INTRODUCTION which is important for correct expression of genes normally
expressed in the anterior CNS such as Otx-2 and En-1/En-
2 as shown in tissue recombination experiments (Ang andIn vertebrates the central nervous system (CNS) may be
Rossant, 1993; Ang et al., 1994). Evidence for the involve-divided into four morphologically identi®able structures
ment of mesoderm in patterning the A-P axis also comesalong the anterior±posterior (A-P) axis: the forebrain, mid-
from studies of embryos lacking Otx-2 function (Acamporabrain, hindbrain, and spinal cord. These structures can also
et al., 1995; Matsuo et al., 1995; Ang et al., 1996) or Lim-be identi®ed by their expression of particular genes whose
1 function (Shawlot and Behringer, 1995), both of whichposition along the A-P axis appears to be conserved in other
lack anterior CNS. Otx-2 and Lim-1 encode homeobox-con-organisms (for reviews see Slack et al., 1993; Shimamura et
taining transcription factors. In both Otx-2 and Lim-1 mu-al., 1995; Lumsden and Krumlauf, 1996). In the mouse gene
tants prechordal mesoderm is absent during early stagestargeting and tissue manipulation experiments suggest that
of gastrulation when speci®cation of the anterior CNS istissues adjacent to the ectoderm, from which the CNS will
believed to take place. Subsequent patterning of the A-Pdevelop, are important for establishing correct A-P pat-
axis involves genes expressed within the developing CNSterning of the CNS. Speci®cation of the most anterior part
itself; for example, Hox genes are important for correct A-
of the CNS, the rostral forebrain, probably occurs very early
P patterning of the hindbrain (for reviews see Krumlauf,
in development and appears to require the anterior endo-
1994; Lumsden and Krumlauf, 1996). As yet it is unclear
derm, one candidate signal from this region being nodal, a what the targets are for the putative signals from tissues
member of the TGFb family (Thomas and Beddington, 1996; adjacent to the ectoderm or how these signals are interpre-
Varlet et al., 1997). Further speci®cation of the A-P axis ted to form recognizable structures along the A-P axis. As
appears to require adjacent mesoderm/endomesoderm alluded to earlier, structures along the A-P axis of the CNS
can be identi®ed by their expression (or lack of expression)
of particular genes, in some cases prior to the development1 Present address: Genzyme Transgenics Corp., One Mountain
of morphologically recognizable structures. One possibilityRoad, Framingham, MA 01701.
is that, in these cases, regulation of these genes is controlled2 Present address: Department of Immunology, Schering-Plough
by transcription factors which are part of the process(es)Research Institute, 2015 Galloping Hill Road, Kenilworth, NJ
patterning this axis at early stages.07033.
With this aim in mind we embarked on an analysis of the3 To whom correspondence should be addressed. Fax: 617-496-
3763. E-mail: amcmahon@biosun.harvard.edu. regulation of Wnt-1 expression. Wnt-1 encodes a secreted
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signaling molecule which is ®rst expressed in the presump- Generation of ES Cell Chimeras and Heterozygotes
tive midbrain region of the neural plate prior to any morpho-
ES cells from the correctly targeted clone were injected intologically recognizable structures along the A-P axis of the
C57BL/6J recipient blastocysts to generate chimeras as describedCNS (Wilkinson et al., 1987; Davis and Joyner, 1988;
(Bradley, 1987). Two transmitting chimeric males were inter-McMahon et al., 1992; Parr et al., 1993; Rowitch and McMa-
crossed to C57BL/6J and 129Sv females and agouti offspring were
hon, 1995). Disruption of Wnt-1 results in a failure of mid- initially genotyped by Southern analysis of genomic DNA using
brain and anterior hindbrain development, demonstrating the probes described above. Subsequently offspring were genotyped
that it is an important signal in patterning of the A-P axis using a PCR-based assay using oligonucleotides identical to se-
(McMahon and Bradley, 1990; Thomas and Capecchi, 1990; quence at the 3* end of the Wnt-1 gene (GCTTCTCTTCTC-
Thomas et al., 1991; Fritzsch et al., 1995; Mastick et al., ATAGC) and the 5* end of the PGKneobpA cassette (GGGAGC-
CGGTTGGCGCTACCGGTGG). Ampli®cation was achieved us-1996). Analysis of regulation of Wnt-1 transcription may
ing 40 cycles of 1 min at 937C, 1 min at 507C, and 1 min atprovide clues as to how the midbrain becomes speci®ed as
657C, giving a 250-bp product. Intercrosses were then set up be-being different from the neighboring forebrain and hind-
tween heterozygous offspring to generate homozygous Wnt-1Enh neo-/brain. In this paper we describe studies which identify a
Wnt-1Enh neo- progeny. The wild-type allele was detected usingWnt-1 enhancer as being both necessary and suf®cient for
the oligonucleotide CCCTCTCAGGATGTAGTCATGG, which is
Wnt-1 transcription in vivo. These results indicate that we identical to a sequence in the 5* part of the Wnt-1 5.5-kb enhancer,
have identi®ed a biologically relevant enhancer which thus in place of that for the PGKneobpA cassette. Removal of the
provides a basis for further analysis of how Wnt-1 transcrip- PGKneobpA cassette by Cre-mediated recombination was achieved
tion is regulated spatially and temporally during em- essentially as described (Araki et al., 1995). Gel-puri®ed supercoiled
bryogenesis. These studies also suggest that the dosage of pCAGGS±Cre plasmid (Araki et al., 1995) was injected at 0.5 ng/
ml into the pronucleus of zygotes from Wnt-1//Wnt-1Enh neo- inter-the Wnt-1 signal is critical for midbrain development.
crosses and surviving two-cell embryos were transferred into pseu-
dopregnant SWB recipients. The recombination event was assessed
by Southern analysis of tail genomic DNA digested with EcoRI
using the Wnt-1 probe described in McMahon and Bradley (1990)MATERIALS AND METHODS
and a probe generated from an approximately 1-kb EcoRI fragment
(see Fig. 1A) and by a PCR-based assay using an oligonucleotide
Wnt-1 Enhancer Targeting identical to the sequence of the 3* end of the Wnt-1 gene (as above)
and one identical to the sequence 3* of the 3* BglII site (GCTGGT-
A genomic clone, W1-5.1, encompassing the 5.5-kb enhancer has CAGTTGTCCATCC). Ampli®cation was achieved using 40 cycles
been described previously (Echelard et al., 1994). From this clone of 30 s at 947C, 30 s at 557C, and 30 s at 727C, giving a 217-bp
a 14.6-kb ClaI±NruI fragment was isolated and subcloned into product. Intercrosses were then set up between Wnt-1//Wnt-1Enh-
Bluescript KS (Stratagene). To extend the length of homology in offspring to generate Wnt-1Enh-/Wnt-1Enh- homozygous progeny.
the 5* region of the targeting vector an approximately 1-kb XhoI± Identi®cation of the Wnt-10 allele was performed using a PCR-
ClaI piece of genomic DNA from W1-15.1 (Echelard et al., 1994) based assay described previously (McMahon et al., 1992).
was inserted into the above plasmid. The resulting plasmid was
digested with BglII to remove the 5.5-kb enhancer and oligonucleo-
tides containing a loxP sequence (Sauer, 1993) and an EcoRV site
were inserted. The same pair of annealed oligonucleotides were Rescue Transgene Construction
subcloned into the plasmid PGKneobpA (Soriano et al., 1991) which
had been digested with HindIII and SalI. This placed a loxP se- pWRES4, the Wnt-1 transgenic rescue construct, was generated
as follows. A subclone of pW1-15.1 (Echelard et al., 1994), pW1-18,quence 5* to the phosphoglycerate kinase-1 (PGK) promoter. The
loxP±PGKneobpA cassette was then subcloned into the EcoRV site was partially digested with HindIII and ligated with a SacI adapter,
destroying the HindIII site in the second intron and creating a newof the targeting vector resulting in the PGKneobpA cassette being
¯anked by loxP sequences and approximately 3 kb of 5* genomic SacI site at this position (Fig. 4A). This plasmid, pW1-18S, was
digested to completion with HindIII and ligated to annealed oligo-homology and 7 kb of 3* genomic homology. The negative-selection
cassette MC1TK (Mansour et al., 1988) was subcloned using oligo- nucleotides generating pW1-18S* which has a modi®ed polylinker
downstream of the ClaI restriction site which occurs in exon 3 ofnucleotide adapters into the NotI site at the 3* end of the cassette
maintaining the site at the 3* end only (Fig. 1A). The vector was the Wnt-1 gene. Finally, pW1-18S* was digested with ClaI and BglII
and ligated with both the 2.5-kb 3* ClaI±BglII exon±intron regionlinearized with NotI before electroporation.
Electroporation of CJ7 embryonic stem (ES) cells (Swiatek and and the 5.5-kb 3* BglII±BglII enhancer generating pWRES4 (Fig.
4A). This construct contains a 1-kb genomic region (from the AatIIGridley, 1993) and selection for cells in which homologous recom-
bination had occurred with G418 and FIAU were performed essen- site) upstream of the Wnt-1 translation initiation codon to the BglII
site 5.6 kb downstream of the second Wnt-1 polyadenylation signal.tially as described (Takada et al., 1994). ES cell clones were screened
for a homologous recombination event by Southern analysis of ge- Pronulear injection of fertilized zygotes from crosses between
Wnt-1//Wnt-1-females and Wnt-10/Wnt-10 0 Wnt-1//Wnt-1/ chi-nomic DNA digested with SphI using a radiolabeled probe gener-
ated from a 400-bp XhoI±SphI genomic fragment from W1-15.1 meric males, used to generate transgenic embryos for the transgene
rescue experiment, was performed as described (Echelard et al.,essentially as described (Takada et al., 1994). Targeted clones were
further analyzed for homologous recombination by Southern analy- 1994). Identical procedures were used to generate transgenic em-
bryos for analysis of expression of Wnt-1 from the 5.5-kb enhancersis of genomic DNA digested with HindIII using a radiolabeled
probe generated from a 2-kb NruI±HindIII genomic fragment from except that the fertilized zygotes used were from crosses between
wild-type B6CBAF1/J mice.W1-5.1 (Fig. 1A).
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FIG. 1. Deletion of a 5.5-kb Wnt-1 enhancer by gene targeting. (A) Schematic of the targeting construct (i) and the Wnt-1 locus (ii). The
5.5-kb enhancer is located between the BglII sites (ii). Hatched and shaded regions represent translated and untranslated parts of Wnt-1
exons, respectively; neo represents the PGKneobpA cassette and tk the MC1TK cassette. The locus after the predicted homologous
recombination event is shown (iii) and that predicted after removal of the neo cassette by Cre-mediated recombination (iv). The two thick
lines below the Wnt-1 locus represent 5* and 3* probes used for Southern analysis of the homologous recombination event, while the
thinner lines represent 5* and 3* probes used for Southern analysis of the Cre-mediated recombination event. The predicted sizes of the
genomic DNA fragments identi®ed by the probes described are indicated. (B) Southern analysis of the homologous recombination event
using the 5* probe following digestion of genomic ES cell DNA with SphI. The targeted clone is identi®ed by the presence of a 3.7-kb
band in addition to the 5.0-kb band and is shown with three representative nontargeted clones (see A). (C) Southern analysis of the
homologous recombination event using the 3* probe following digestion of genomic ES cell DNA with HindIII. The targeted clone is
identi®ed by the presence of a 10.7-kb band in addition to the 13.7-kb band and is shown with two representative nontargeted clones (see
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Whole-Mount in Situ Hybridization Southern blotting analysis using probes both 5* (Fig. 1B) and
3* (Fig. 1C) to the predicted site of homologous recombina-
This was performed, with digoxigenin-labeled probes, as de-
tion. Southern analysis using a probe hybridizing to the neoscribed (Parr et al., 1993) with the modi®cations described in
cassette indicated that there was a single integration site atKnecht et al. (1995). The probe used to detect Wnt-1 mRNA has
the Wnt-1 locus (data not shown).been described previously (Parr et al., 1993). Embryos were geno-
typed by PCR analysis of yolk sac genomic DNA (Echelard et al.,
1994) using the PCR protocols described above.
Deletion of the 5.5-kb Enhancer Results in a
Phenotype Indistinguishable from That of
Disruption of Wnt-1 Coding Sequence andWhole-Mount Antibody Staining
Abolishes Wnt-1 Transcription
Expression of En-1 and En-2 proteins was detected by whole-
mount antibody staining using the polyclonal antiserum aEnhb-1, Targeted ES cells were used to generate chimeras, two of
which recognizes both proteins as described (Davis et al., 1991). which transmitted the targeted allele through the germ line.
Embryos were genotyped by PCR analysis of yolk sac genomic Adult mice heterozygous for the targeted allele, Wnt-1//
DNA as described above. Wnt-1Enh neo-, were intercrossed and offspring were geno-
typed at 10 days postpartum by Southern analysis using
genomic tail DNA (n  62). No homozygous, Wnt-1Enh neo-/Histological Analysis
Wnt-1Enh neo-, offspring were recovered and no signi®cant
Embryos were collected in PBS, ®xed in Bouin's ®xative, dehy- postnatal lethality of heterozygotes was observed. These
drated, embedded in wax, and sectioned at 6 mm. Sections were results suggested that deletion of the 5.5-kb enhancer re-
dewaxed, rehydrated, and stained with hematoxylin and eosin. sults in recessive lethality as described for disruption of
the Wnt-1 coding sequence (McMahon and Bradley, 1990;
Thomas and Capecchi, 1990). Initially we examinedRESULTS whether the Wnt-1Enh neo- allele was similar to a null allele
in which Wnt-1 coding sequences were disrupted (Wnt-10;
Deletion of a Wnt-1 Enhancer by Gene Targeting McMahon and Bradley, 1990) which would be the case if
Wnt-1 transcription was abolished.Previous analyses identi®ed a 5.5-kb enhancer element,
located 3* to the Wnt-1 polyadenylation signal sequence, In mouse embryos homozygous for the Wnt-10 allele
the midbrain and anterior hindbrain fail to develop. Bothwhich is suf®cient to express lacZ in transgenic embryos
in a pattern very similar to that of Wnt-1 mRNA (Echelard structures are absent by 9.5 days post coitum (d.p.c.)
(McMahon and Bradley, 1990; Thomas and Capecchi,et al., 1994). These results demonstrate that this element
contains sequences involved in the spatial and temporal 1990; Mastick et al., 1996). Analysis of embryos from
Wnt-1//Wnt-1Enh neo- intercrosses at 9.5 d.p.c. indicatedregulation of Wnt-1 expression in the developing embryo.
To determine if these sequences are necessary for Wnt-1 that the disrupted allele was transmitted with a frequency
similar to the 1:2:1 Mendelian frequency (wild-type:het-expression in its normal context we generated mice homo-
zygous for a deletion of this enhancer. To delete the 5.5-kb erozygous:homozygous 33:57:32) and all (n  32) of the
Wnt-1Enh neo-/Wnt-1Enh neo- embryos displayed a phenotypeenhancer element a gene targeting vector was constructed
which initially replaced the 5.5-kb element with a neo posi- which was morphologically indistinguishable from that
of the disruption of the Wnt-1 coding sequence (Fig. 2).tive selection cassette (Fig. 1A). The neo cassette was
¯anked by loxP sequences which allowed deletion of the To assess if this allele resulted in a loss of Wnt-1 tran-
scription embryos were analyzed for Wnt-1 expression byneo cassette from the targeted allele using Cre recombinase
(Gu et al., 1993; Sauer 1993). Removal of the neo cassette whole-mount in situ hybridization. In wild-type (Fig. 2A)
and Wnt-1//Wnt-1Enh neo- embryos (n  20, data notfrom a targeted locus is important because studies suggest
that the enhancer and/or the promoter of the neo cassette shown) Wnt-1 mRNA transcripts were detected in part of
the dorsal and ventral diencephalon, the dorsal and ven-is able to compete for the function of nearby enhancers
which could mask the activity of additional cis-regulatory tral midbrain, a ring of cells at the midbrain±hindbrain
junction, and the dorsal spinal cord. Wnt-1 mRNA tran-sequences (for an example see Fiering et al., 1995). Of the
259 embryonic stem (ES) cell clones analyzed after the posi- scripts were also detected in Wnt-10/Wnt-10 embryos (n
 5) (Fig. 2B) which lack the midbrain and anterior hind-tive/negative selection procedure only one was found to
contain an homologous recombination event as judged by brain, as described previously (McMahon et al., 1992). In
A). (D) Southern analysis of 14.5 d.p.c. yolk sac genomic DNA digested with EcoRI from Wnt-1//Wnt-1Enh neo- intercrosses, left four lanes,
and Wnt-1//Wnt-1Enh- intercrosses, right four lanes, using the 5* probe designed to assess the Cre-mediated recombination event. The
genotypes of the embryos are shown below each lane. (E) Southern analysis of the Cre-mediated recombination event using genomic tail
DNA digested with EcoRI and the 3* probe. The leftmost lane represents a Wnt-1//Wnt-1Enh neo- genotype, while the two on the right are
Wnt-1//Wnt-1Enh-. The second lane from the left represents a wild-type genotype. Genotypes of the mice are shown below each lane. Wt,
wild-type; /neo, targeted allele with neo cassette (iii); 0neo, targeted allele lacking neo cassette (iv).
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FIG. 2. Replacement of the 5.5-kb enhancer with a neo cassette results in a loss of Wnt-1 transcription and a Wnt-1 null mutant
phenotype. (A±C) Wnt-1 expression at 9.5 d.p.c. assessed by whole-mount in situ hybridization. (A) A representative wild-type embryo,
(B) a Wnt-10/Wnt-10 embryo, and (C) a Wnt-1Enh neo-/Wnt-1Enh neo- embryo. Wnt-1 mRNA transcripts were detected in the wild-type embryo
in the Wnt-1 pattern, namely in part of the ventral and dorsal diencephalon (forebrain), dorsal and ventral midbrain, a ring of cells at the
midbrain±hindbrain junction, and the dorsal spinal cord. Transcripts were still detected in the Wnt-10/Wnt-10 embryo, although the
midbrain and anterior hindbrain had failed to develop (B). The Wnt-1Enh neo-/Wnt-1Enh neo- embryo displayed the same phenotype as the Wnt-
10/Wnt-10 embryo, but Wnt-1 mRNA transcripts were not detected (C). Di, diencephalon; mb, midbrain; hb, hindbrain; sc, spinal cord.
FIG. 3. Deletion of the 5.5-kb enhancer results in a loss of Wnt-1 transcription and a Wnt-1 null mutant phenotype. (A±E) Expression
of Wnt-1 was assessed by whole-mount in situ hybridization. (A) A 9.5 d.p.c. wild-type embryo and (B) a representative 9.5 d.p.c. Wnt-
1Enh-/Wnt-1Enh- embryo. Wnt-1 mRNA transcripts were not detected in the Wnt-1Enh-/Wnt-1Enh- embryos and there is failure of midbrain
and anterior hindbrain development. (C) A dorsal view of the wild-type (left) and Wnt-1Enh-/Wnt-1Enh- embryos (right) from A and B,
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these embryos Wnt-1 mRNA transcripts were detected in crosses were genotyped by Southern blotting analysis of
tail genomic DNA at 10 days post partum. None of thethe dorsal and ventral diencephalon and the dorsal spinal
cord. However, in Wnt-1Enh neo-/Wnt-1Enh neo- embryos (n  49 mice analyzed were homozygous for the targeted allele
indicating that this allele was recessive lethal. In con-14) Wnt-1 mRNA transcripts were not detected, even
when embryos were stained for several days (Fig. 2C). trast, analysis of embryos at 9.5 and 10.5 d.p.c. detected
the Wnt-1Enh- allele at the expected Mendelian frequencyTo further assess if the Wnt-1Enh neo- allele was a null allele
of Wnt-1 embryos from Wnt-1//Wnt-1Enh neo- 1 Wnt-1// (wild-type:heterozygous:homozygous, 30:74:31). All 31 of
the Wnt-1Enh-/Wnt-1Enh- embryos exhibited the Wnt-1 nullWnt-10 crosses were analyzed and all of the Wnt-1Enh neo-/
Wnt-10 embryos (n  14) also displayed a phenotype indis- phenotype as judged by morphology (see Fig. 3 for exam-
ples).tinguishable from that of Wnt-10/Wnt-10 embryos (data
not shown). We also examined expression of Engrailed To assess if Wnt-1 transcription was lost Wnt-1 expres-
sion was examined by whole-mount in situ hybridization.proteins whose expression in the midbrain and anterior
hindbrain is lost from Wnt-1 null embryos by 10.5 d.p.c. No Wnt-1 mRNA transcripts were detected in all of the
Wnt-1Enh-/Wnt-1Enh- embryos examined at 9.5 d.p.c. (n (Davis and Joyner, 1988; Davis et al., 1991; McMahon et
al., 1992). Analysis of Wnt-1Enh neo-/Wnt-1Enh neo- embryos 6, see Figs. 3A±3C). To assess if the 5.5-kb enhancer is
essential for the initiation of Wnt-1 transcription, which(n  13) indicated that this domain of Engrailed expres-
sion was absent (data not shown). No alteration of En- occurs at early somite stages, embryos from Wnt-1//Wnt-
1Enh- intercrosses were collected at 8.0 d.p.c. and Wnt-grailed expression was detected in Wnt-1//Wnt-1Enh neo-
embryos (n  20, data not shown). These results suggest 1 expression was analyzed. In all Wnt-1Enh-/Wnt-1Enh- em-
bryos examined at this stage (n  4) no Wnt-1 mRNA wasthat the Wnt-1Enh neo- allele is most likely a null allele of
Wnt-1. Identical results were obtained from embryos in detected (see Fig. 3D and Fig. 3E). These results indicate
that this enhancer is also required for initiation of Wnt-which the mutant allele was maintained on either a
C57BL/6J 1 129/Sv hybrid background or a 129/Sv inbred 1 transcription in the developing CNS. No ectopic Wnt-
1 mRNA expression was detected in embryos heterozy-background (data not shown).
Since the allele described above retains the neo cas- gous for the Wnt-1Enh- allele (data not shown). Since Wnt-
1 expression in the testis is postnatal (Jakobovits et al.,sette, it was possible that the results were due to the neo
cassette competing for additional enhancers which could 1986; Shackleford and Varmus, 1987) and Wnt-1Enh- null
embryos die at birth, we have been unable to examine ifplay signi®cant roles in regulating Wnt-1 expression.
Therefore, the neo cassette was deleted by Cre-mediated deletion of the 5.5-kb enhancer sequence abolishes Wnt-
1 expression in the testis. In these studies the Wnt-1Enh-recombination. Removal of the neo cassette was achieved
by pronuclear injection of a plasmid expressing Cre re- allele was maintained on a C57BL/6J 1 129/Sv hybrid
background.combinase (pCAGGS±Cre; Araki et al., 1995) into zygotes
derived from Wnt-1//Wnt-1Enh neo- intercrosses. From 56 To further examine the phenotype of Wnt-1Enh- null em-
bryos we also examined the expression of Engrailed pro-two-cell embryos transferred into pseudopregnant recipi-
ent females 13 offspring were born and in 11 of these teins at 10.5 d.p.c. and found that the area of the midbrain
and anterior hindbrain which failed to develop includedcomplete Cre-mediated recombination occurred as judged
by Southern analysis of genomic tail DNA using probes the entire Engrailed domain (n  6, see Fig. 3F and Fig.
3G) as described for Wnt-1 null embryos (McMahon etboth 5* and 3* to the predicted recombination event (see
Fig. 1D and Fig. 1E for examples). The remaining two al., 1992). These data suggest that the extent of the mid-
brain and anterior hindbrain deletion is identical for themice were wild-type (data not shown). The Cre-mediated
recombination event was also assessed using a PCR-based different alleles. In summary, the 5.5-kb enhancer is es-
sential for the normal activation of Wnt-1 expression; inassay with oligonucleotides ¯anking the single loxP se-
quence which was predicted to remain in the Wnt-1 locus its absence, Wnt-1 transcription is undetectable in the
developing CNS, resulting in a phenotype indistinguish-after recombination (see Fig. 1A) and a fragment of the
predicted size was ampli®ed (data not shown). Southern able from that of an allele which is predicted to generate
nonfunctional Wnt-1 protein.analysis using a probe recognizing the Cre cDNA indi-
cated that the plasmid pCAGGS±Cre had not integrated
into the genome (data not shown). This new allele was
Transgene Rescue of Wnt-1 Null Mutant Embryosde®ned as Wnt-1Enh-.
Wnt-1//Wnt-1Enh- mice appeared normal (data not To assess whether the enhancer is also suf®cient for cor-
rect expression of Wnt-1 we attempted to directly rescueshown); therefore, pups from Wnt-1//Wnt-1Enh- inter-
respectively. (D, E) Initiation of Wnt-1 transcription at 8.0 d.p.c. In wild-type embryos Wnt-1 mRNA transcripts were detected in the
presumptive midbrain region (D) but were not detected in Wnt-1Enh--/Wnt-1Enh- embryos (E). (F, G) Analysis of Engrailed proteins by whole-
mount antibody staining at 10.5 d.p.c. (F) In wild-type embryos Engrailed proteins are detected in a broad domain overlapping the midbrain±
hindbrain junction, while this area of Engrailed staining is absent from Wnt-1Enh-/Wnt-1Enh- embryos (G), indicating that these regions
have failed to develop. Engrailed proteins are detected in the dermomyotome of the somites in both embryos.
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FIG. 4. Transgenic rescue of Wnt-1 mutant embryos. (A) Schematic representation of (i) normal, (ii) targeted, and (iii) transgenic Wnt-1
loci. The cDNA probe used to detect diagnostic 4.0-kb (i), 5.5-kb (ii), and 3.5-kb (iii) SacI fragments is represented as the line below (i).
(B) Southern analysis of yolk sac DNA samples from 15 embryos from a Wnt-1 transgene rescue experiment (see A). Resulting genotypic
(H/, heterozygous for the Wnt-10 allele; HM, homozygous for the Wnt-10 allele) and transgenic analysis of embryos is summarized. The
transgene copy number (in parentheses) was determined by densitometric quantitation of signal intensity following hybridization to the
transgenic and endogenous Wnt-1 genes. Hybridization to the wild-type allele in embryo #15 is partly obscured by strong hybridization
to the transgene [see shorter exposure (15*)]. Embryos were scored by visual inspection of morphology for normal (N) or mutant (M)
midbrain phenotype (Wnt-1 null). E represents exencephalic.
Wnt-1 null mutant embryos by injection of a Wnt-1-express- this cross were injected with the transgene and the resulting
G0 embryos were examined phenotypically and genotypeding transgene containing the 5.5-kb enhancer. A construct
was generated consisting of the Wnt-1 promoter (Nusse et by Southern analysis at 14.5 d.p.c. Fifty-six embryos were
recovered, 6 of which were transgenic (for examples see Fig.al., 1990), all Wnt-1 exons and introns, and the downstream
5.5-kb regulatory element (Fig. 4A). To distinguish the in- 4B). Two transgenic embryos exhibited apparently normal
midbrain development. Interestingly, one of these was ho-jected transgene sequences from the wild-type and targeted
Wnt-1 allele, a HindIII restriction site in the second intron mozygous for the targeted Wnt-1 allele (Fig. 4B lane 8; Fig.
5C), suggesting that expression of Wnt-1 using this en-was replaced by a SacI restriction site. Digestion of genomic
DNA with SacI and Southern blotting analysis detect a 5.5- hancer had rescued the Wnt-1 null phenotype (compare Fig.
5B with Fig. 5C). Since the copy number was determinedkb targeted, 4.0-kb wild-type, and 3.5-kb transgenic Wnt-1
fragment (Fig. 4A). To generate Wnt-1 null mutant embryos, to be 0.5, we suggest that this embryo was mosaic for the
transgene. The other four transgenic embryos showed aWnt-1//Wnt-10 females were crossed with Wnt-10/Wnt-10
0Wnt-1//Wnt-1/ chimeric males which transmit the Wnt- novel phenotype, exencephaly of much of the brain (for an
example see Fig. 5D). One was heterozygous (Fig. 4B, lane10 allele in all gametes (G. Vassileva, J. McMahon, K. Stark,
and A. P. McMahon, in preparation). Fertilized eggs from 15), and the other three were homozygous (Fig. 4B, lane 14,
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FIG. 5. Phenotype of embryos from a transgenic rescue experiment. (A) Embryo #1, (B) embryo #2, (C) embryo #8, and (D) embryo #15.
Embryo numbers refer to Fig. 4B. The embryo in C, which is homozygous for the mutant Wnt-10 allele but transgenic, shows a clear
rescue of the midbrain compared with the nontransgenic homozygous mutant littermate (B). In contrast, the transgenic embryo in D
shows extensive exencephaly in the brain. M, midbrain.
and data not shown) for the disrupted Wnt-1 allele. The one was normal and the other necrotic. The lack of a pheno-
type in one embryo is probably due to a lack of Wnt-1 ex-absence of a phenotype in one of the transgenic embryos
is probably due to a position effect of the integration site pression from the transgene. The data suggest that expres-
sion of Wnt-1 from the transgene can result in widespreadresulting in the transgene not being expressed (see Echelard
et al., 1994). Engrailed expression consistent with the suggestion that
Engrailed genes are targets of Wnt-1 signaling in the mid-To examine the extent of rescue the transgenic 14.5 d.p.c.
Wnt-1 null embryo was sectioned for histological analysis. brain (McMahon et al., 1992; Danielian and McMahon,
1996). In summary, the 5.5-kb element contains suf®cientAs described previously, Wnt-1 null embryos lack the mid-
brain and cerebellum (Fig. 6B); in contrast, the Wnt-1 null enhancer sequences to rescue the Wnt-1 null phenotype.
However, the dosage of Wnt-1 signal may be critical forembryo carrying the transgene has a well-developed mid-
brain and cerebellum compared with wild-type embryos appropriate development of the brain.
(compare Fig. 6A to Fig 6C). However, there appeared to be
an overgrowth of the diencephalon in the rescued embryo
DISCUSSIONprobably due to the overexpression of the Wnt-1 signal in
the dorsal diencephalon where it is normally expressed.
To characterize the effect of overexpressing Wnt-1 using Our results indicate that the 5.5-kb Wnt-1 enhancer ele-
ment originally de®ned by transgenic analysis is both neces-the 5.5-kb enhancer we examined a molecular marker of
midbrain and anterior hindbrain development. In 10.5 d.p.c sary and suf®cient for the regulation of Wnt-1 expression
in the midbrain. Since no Wnt-1 transcription was detectedtransgenic embryos (generated from wild-type fertilized zy-
gotes), Engrailed proteins, normally detected in an area over- in embryos lacking the 5.5-kb enhancer, the results suggest
that the 5.5-kb enhancer contains the major cis-regulatorylapping the midbrain±hindbrain junction (Fig. 7A), were de-
tected in the open neural tube in an area predicted to encom- sequences governing Wnt-1 expression throughout the
CNS. Consistent with this view, we were able to rescue thepass the midbrain and anterior hindbrain of exencephalic
transgenic embryos (Fig. 7B). In the most severely affected mid/hindbrain phenotype of Wnt-1 mutants by expressing
Wnt-1 under the control of this enhancer. The enhancertransgenic embryo Engrailed proteins were detected in
much of the open neural tube of the head region and in a contains suf®cient regulatory sequences to rescue the loss
of Wnt-1 function phenotype up to the stages examined butpatch in the ventral forebrain (Fig. 7C). The later domain
corresponds to a site where a reporter gene under the control in most transgenic embryos the development of the CNS
was disrupted. As this enhancer drives expression of re-of the 5.5-kb enhancer is expressed (Echelard et al., 1994)
and where endogenous Wnt-1 is expressed at very low levels porter genes in the Wnt-1 pattern (Echelard et al., 1994;
Rowitch et al., manuscript in preparation), it seems most(data not shown). Forebrain development also appeared to
be disrupted and the amount of neural tissue appears to be likely that the phenotype results from an abnormally high
amount of Wnt-1 signal in its normal expression domain.reduced in comparison to the wild-type embryo. Three of
the ®ve transgenic embryos generated were exencephalic Previous studies showed that ectopic expression of Wnt-1
in the spinal cord results in an increase in the number ofand expressed Engrailed in a broad domain similar to the
examples shown of the two remaining transgenic embryos: cells undergoing mitosis, raising the possibility that the
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FIG. 6. Histological analysis of CNS development in a transgenic Wnt-1 null embryo expressing Wnt-1. Sagital views of (A) wild-type,
(B) Wnt-1 null, and (C) Wnt-1 null transgenic embryos. In contrast to the Wnt-10/Wnt-10 (null) embryo the Wnt-1 null embryo transgenic
for the transgene expressing Wnt-1 has a midbrain and cerebellum suggesting that the phenotype of loss of the Wnt-1 signal is rescued.
The diencephalon in this embryo appears to be overgrown. Ch, cerebral hemisphere; di, diencephalon; mb, midbrain; cb, cerebellum; cp,
choroid plexus; my, myelencephalon (anterior hindbrain).
FIG. 7. Engrailed protein expression in transgenic embryos expressing Wnt-1 from the 5.5-kb enhancer. (A) Engrailed proteins were
detected by whole-mount antibody staining at 10.5 d.p.c in a region overlapping the midbrain/hindbrain junction (bracket) in a wild-type
embryo. (B) Engrailed expression is restricted to this region in a transgenic embryo exhibiting exencephaly. (C) In a severely affected
transgenic embryo Engrailed proteins were more widespread in the remaining anterior CNS. Expression was also detected in the ventral
forebrain area (arrow). Engrailed proteins were not detected in this region of wild-type embryos. All transgenic embryos were generated
from wild-type fertilized zygotes (see Materials and Methods).
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